The Xinjiang province of China is vulnerable to drought, but the occurrence of drought varies substantially among different sub-areas. This study investigated drought characteristics in Xinjiang province and its sub-area using the Mann-Kendall trend test, cluster analysis and Morlet wavelet analysis. The results show that drought in Xinjiang is generally becoming less severe, and there is a non-uniform spatial variation of drought, which is especially pronounced for stations in northern
INTRODUCTION
Drought is characterized by a negative water balance originating from a deficiency of precipitation or a lack of available water resources for an extended period of time (Wilhite & Glantz ) . It has become an increasingly serious problem with detrimental environmental and socioeconomic consequences. However, drought patterns have become more complicated in recent years due to climate change, and thus there is a need to better understand drought patterns and characteristics. Gosling ). The sea surface temperature (SST) data over the North Atlantic Ocean (20-70 N) with a resolution of 5 × 5 were provided by the National Oceanic and Atmospheric Administration (NOAA). Data quality control and homogeneity assessment were attained using the RclimDex software package (Zhang & Yang ) . The process consists of two steps:
(1) missing records were interpolated using data of nearby stations in the same year; and (2) data quality control was performed and unreasonable data were handled in accordance with the missing data.
Drought indexes
The SPI is a meteorological drought index based solely on precipitation data (Mckee et al. ) . Three main advantages may arise from the use of SPI: (1) the calculation is relatively easy as this index is based on precipitation alone; (2) it can characterize drought intensity and duration well; and (3) it has a multi-temporal scale application dimension. The SPI-12 is a good indicator of the long-term drought conditions, which is calculated based on the total precipitation amount of the past 12 months. In this paper, the gamma distribution function is found to fit the precipitation data well, because the precipitation does not follow a normal distribution. Detailed computation of the SPI can be found in Cacciamani et al. () .
Proposed methodology
The variation of SPI-12 from the meteorological stations was first examined using k-means analysis, which would enable the grouping of stations with similar temporal trends. The
Mann-Kendall (MK) method (Kendall ) and correlation analysis were used for trend and change point analysis. The
Morlet wavelet (Weng & Lau ) was used to locate vital temporal statistics. The overall methodology is shown in Figure 2 .
Statistical methods
The non-parametric statistical MK test (Kendall ) has wide applications in climate modeling, trend detection, environmental studies, and hydrology. It is a non-parametric test requiring no specific assumption of the joint distribution of the data, and thus is generally not affected by departures from normality. The heterogeneity measures (Hosking & Wallis ) shown in Table 1 
where u v is the average of simulated V values, σ v is the standard deviation of simulated V values, τ i is the sample L-moment at each site, τ R is the averaged sample L-moment at a regional scale, and n i is the length of the time series at site i, respectively. The H(1), H(2), and H (3) are calculated by the L-coefficient of variation, L-skewness, and L-kurtosis used as the L-moment, respectively.
K-means method
Different basins and hydrological factors can have different impacts on local water resources and precipitation, and thus the frequency and severity of drought can vary significantly in different sub-areas. The sites of interest are partitioned by the clustering algorithms based on the K-means method (1) All samples are selected randomly into the k clusters, each of which is represented by a centroid.
(2) Computing the centroid of each cluster by averaging its sample vectors.
(3) All samples are redistributed to the nearest cluster according to the distance between the cluster centroid and sample, and then the centroid of the cluster is recalculated.
Steps 2 and 3 are repeated until the clusters become stable.
RESULTS

Cluster analysis
The frequency of droughts at different spatial scales changes, largely depending on geographical locations, basin size, and local hydrological factors. Three main clusters can be obtained using the K-means clustering based on drought, which are largely associated with the topography and climate of the region. The heterogeneity test in Table 1 shows that these three clusters are possibly homogeneous regions. -1970, 1971-1980, 1981-1990, 1991-2000, 2001-2010, and 2010-2015 , respectively, thereby indicating that this region becomes increasingly humid over time. Trend analysis of each cluster Table 2 shows that the maximum and medium SPI-12 values reach a maximum in cluster 3, followed by those in cluster 2 and cluster 1, indicating the high vulnerability of cluster 1 where water scarcity is a tangible constraint. Figure 6 shows an obvious decreasing tendency of drought in all clusters.
Both cluster 2 and cluster 3 show the same changing trend after the change point, and drought decreases significantly with few negative values. However, drought occurs for some time in cluster 1.
Presence of periodicity over time Figure 5 (a) the portions in red and green represent the six periods of 1961-1970, 1971-1980, 1981-1990, 1991-2000, 2001-2010, and 2010-2015 . Please refer to the online version of this paper to see this figure in color: http://dx.doi.org/10.2166/nh.2018.105. Cluster 3 
Change points
Drought shows an obvious decreasing tendency in the periods before and after the change point (Figures 8(a) and 8(b)), especially in northern Xinjiang, which is in good agreement with that of precipitation and precipitation extremes (Zhang et al. b, c) . The significance is calculated by the MK method (Figure 8(c) ). It shows that the changing trend is enhanced from the south to the north throughout the study area, and about 55% of sites have a significant alleviating tendency of drought at the 0.01 significance level (|Zs| greater than 2.32). However, droughts at some sites are more, yet not significantly, severe.
DISCUSSION
Occurrence of change points 1961-1970, 1971-1980, 1981-1990, 1991-2000, and 2001-2010, respectively . It shows that about 4% of change points occur in the period 1971-1980, 74% in the period 1981-1990, and 22% in the period 1990-2000, respectively. This is in line with the occurrence duration shown in Figure 8 . However, some abnormal phenomena are also noted. For instance, 30% of sites south of Tianshan
Mountain have drought change points in some years (detailed in the table). It can be concluded that the most significant change occurs in the 1980s where there is an abrupt change from warm-dry to warm-wet in northwest
China.
Based on the cluster analysis, the diverse changing trends of droughts are presented in Figure 9 . In cluster 1, the change point occurs over a period of time from 1974 to 1986, which differs from that in clusters 2 and 3 in which the change point is distinctly clear and later in time. Figure 9 shows the occurrence of change point in 1986 in cluster 2 and in 1991 in cluster 3, respectively.
All clusters show a significant increasing trend at the 0.001 significance level, with a |Zs| value greater than 2.56 (3.48 in cluster 1, 4.78 in cluster 2, and 2.66 in cluster 3, respectively). Future studies are needed to account for the strongest variation in cluster 2, which may be due to the terrain and local microclimate identified during
clustering. An example is that the movement of water years. Some salient conclusions can be drawn from this study:
(1) There is a unique spatiotemporal distribution trend of drought in Xinjiang, and the inter-decadal variation of drought shows a gradual spatial shift from the east to the west and then back to the east again in the period 1971-2015.
(2) North Xinjiang is becoming wetter at a faster rate compared to south Xinjiang, and it has a higher occurrence of change point sites (70%) than south Xinjiang (30%).
(3) The historical drought situation in Xinjiang is better represented by three clusters rather than a homogeneous region. The periodicity of drought in Xinjiang is stronger in short time scale. Cluster 1 is the driest, cluster 2 has a clear alleviating tendency of drought, and cluster 3
shows late occurrence of change point. 
